We present a novel mechanism for realistic electroweak symmetry breaking in Twin Higgs/neutral naturalness models where the Z2 exchange symmetry can remain exactly unbroken. The exchange symmetry in the Yukawa sector will be implemented as an "N-trigonometric parity" sin N h f ↔ cos N h f . The Yukawa couplings will be suppressed leading to an N-suppressed Higgs quadratic term, without significantly affecting the quartic. We present a concrete implementation of this idea for general (odd) values of N using maximal symmetry, and a realistic benchmark model for N = 3. We find that the tuning in the resulting Higgs potential is negligible, and also show that two-loop N-suppression violating gauge contributions can be sufficiently small.
I. INTRODUCTION
Obtaining a natural model of electroweak symmetry breaking (EWSB) is one of the biggest challenges in particle physics. Within the standard model (SM) the Higgs potential is quadratically sensitive to UV scale physics and is not calculable. In supersymmetric or composite Higgs extensions the UV sensitivity is softened to a logarithmic sensitivity, and in some cases the entire Higgs potential can be finite and calculable. This softening is achieved by introducing colored top partners and electroweak gauge partners with equal (composite Higgs) or opposite (supersymmetry) spins. However, direct experimental searches from the LHC are starting to put stringent lower bounds above 1 TeV on these partners, rendering these models tuned at the percent level. A possible way around these bounds is neutral naturalness [1] [2] [3] [4] [5] [6] , where the partners responsible for the softening of the Higgs potential are not charged under the SM interactions, and in particular the top partners would not carry color under ordinary QCD, but rather under a hidden "twin color". In this case the direct experimental bounds will be much weaker and a natural EWSB can still be hoped for. The most prominent models with neutral naturalness are the Twin Higgs Models (THM) [1, 2] where a Z 2 exchange symmetry enforces the cancellation of the leading UV sensitivities both in the top and the gauge sectors. In these models (as in ordinary composite Higgs models [7] [8] [9] [10] [11] [12] [13] [14] ) the Higgs is also a pseudo-Goldstone boson (pNGB) of a spontaneously broken global symmetry. In ordinary THM's the Z 2 symmetry has to be broken: without such breaking it is usually very difficult to obtain a hierarchy between the pNGB Higgs VEV h and the global symmetry breaking scale f , h /f 1. Such a Z 2 breaking usually reintroduces the quadratic dependence of the Higgs potential on some of the partner masses, and as a consequence brings back some of the tuning (usually of order 10%).
In this paper we introduce a novel way of generating the h /f hierarchy in THM's without breaking the Z 2 symmetry. The essence will be based on the "Nsuppression mechanism". We will consider a case where the implementation of the Z 2 symmetry in the top sector is in the form
for some odd integer N . We will see that this will imply that the top Yukawa couplings depend on sin N h f or cos N h f , strongly reducing the value of the Yukawa coupling. This will result in a 1/N 2 suppression of the quadratic term in the Higgs potential, while the quartic will be essantially unchanged. As a result the structure of the Higgs potential will be modified, and generating the h /f hierarchy (and hence natural EWSB) will be achieved without significant tuning. The exact Z 2 symmetry in this model will result in light hidden fields, such as the twin photon and twin neutrinos, which generically result in significant contributions to the radiation density and N ef f , in conflict with recent cosmological observations [15] . This tension can be resolved by breaking the Z 2 symmetry in the light lepton sector, for example via mixings among the neutrinos and twin neutrinos [16] . This can lower the decoupling temperature between the two sectors while giving negligible Z 2 breaking contributions to the Higgs potential. For other ways to obtain realistic cosmologies in mirror THM's see [17] .
The paper is organised as follows. In section II we present the essence of the N-suppression mechanism. We analyze the consequences on the Higgs potential and show what limit is needed in order to have a realistic tth coupling for this model. In Sec. III we show how to implement our N-suppression mechanism in a concrete model using additional Dirac fermions and maximal symmetry, and then focus our attention on the N = 3 realistic benchmark model. The structure of the Higgs potential arXiv:1910.14085v1 [hep-ph] 30 Oct 2019 and the analysis of the tuning is presented in Sec. IV, while in Sec. V we comment on the magnitude of two-loop N-suppression violating effects. We conclude in Sec. VI, while the Appendices we present the gauge sector of the model (App. A) as well as the discrete symmetries needed to ensure N-suppression for general N (App. B).
II. N-SUPPRESSION
Twin Higgs models [1, 2] use a Z 2 exchange symmetry between the SM and the twin sector to efficiently soften the Higgs potential. This Z 2 could for example originate from the Higgs trigonometric parity (TP) [18] naturally present in symmetric coset spaces. However the Higgs VEV in the presence of this Z 2 symmetry is too large for realistic EWSB. Hence one usually assumes that the Z 2 symmetry is broken either in the top or in the gauge sector. This will allow a realistic Higgs VEV at the price of reintroducing at least 10 percent fine tuning in the Higgs potential.
Here we propose a new mechanism to obtain natural and realistic EWSB in twin Higgs models without the need for breaking the Z 2 symmetry at all. The novel ingredient in our model is that the effective Yukawa terms only depend on sin(N h/f ) and cos(N h/f ), rather than sin(h/f ) and cos(h/f ) as it is usually assumed. In this case the Z 2 Twin Higgs exchange symmetry will be implemented in the top sector as a TP corresponding to the exchange symmetry between sin(N h/f ) and cos(N h/f ) where N is an odd integer. The beauty of this idea is that while the full Z 2 can remain exactly unbroken, the structure of the Higgs potential can significantly differ from the traditional case and provide a realistic EWSB minimum without the need of breaking the Z 2 symmetry at all. In particular this setup with the "N-trigonometric parity" will significantly reduce the magnitude of the Yukawa coupling, which will result in the suppression of the Higgs quadratic term while leaving the quartic term essentially unchanged. In the rest of this section we will give a more detailed overview of this mechanism, while in the next section we present the general mechanism that will actually generate the sin(N h/f )(cos(N h/f )) dependent effective Yukawa terms.
In ordinary twin Higgs models, a twin topt (which is a SM singlet but a triplet under twin QCD SU (3) c ) is introduced to implement thet ↔ t Z 2 exchange symmetry. The presence of this exchange symmetry will ensure that the trigonometric parity transformation
is left unbroken by the top sector. We can impose in addition maximal symmetry [19] , which will imply that only the Yukawa couplings will be Higgs dependent in the effective Lagrangian of the top sector (after integrating out the heavy vectorlike fermions). Our new ingredient will be the assumption that the effective Yukawa couplings actually depend on sin(N h/f ) and cos(N h/f ) (rather than sin h/f and cos h/f as usual). We will motivate this assumption in the next section, for now we will just explore what the consequences of a Yukawa coupling of the form
would be. The effect of the Z 2 TP in Eq.(2) on these trigonometric functions (if N is an odd integer) is
where
). Hence the Z 2 exchange symmetry is maintained by the Yukawa couplings if y t = ±ỹ t with the sign determined by N mod 4 as in Eq.(4). After integrating out the fermions theO(y 2 t ) terms in the Higgs potential will cancel due to this "Ntrigonometric parity" (s N h ↔ ±c N h ), and the leading order contributions will be at O(y 4 t ) of the form
where N c = 3 is the number of (ordinary and twin) colors, c t log(Λ 2 f /m 2 t ) and Λ f < 4πf is the cut-off scale in the fermions sector. It is then easy to find the VEV corresponding to the minimum of the Higgs potential from the top-twin-top sector V f :
The natural value of h /f is suppressed by N and it can be much smaller than 1 if N 3! The origin of the naturally small Higgs VEV is due to the strong suppression of the Higgs quadratic term in the Higgs potential (while the quartic has no additional suppression). In order to explicitly see this, we first need to clarify the relation between y t and the SM Yukawa coupling y t . The top acquires a mass after electroweak symmetry breaking
Using the above expression, we find that the deviation of top Yukawa coupling from its SM value is
where y tth is the physical top Yukawa coupling in our model while ξ ≡ s 2 h ≈ (v SM /f ) 2 is the usual parameter that measures the hierarchy between v SM and f . Experimentally we know that y tth yt should be close to 1 (deviations of order 10 percent are still possible), hence we need to ensure N √ ξ 1. While the natural value of ξ from the top sector alone from Eq. (6) would not satisfy this relation, we will see in a moment that adding the gauge contribution to the potential will automatically rectify this (at least for not too large values of N ) and ensure that the relation N √ ξ 1 be satisfied. This will also imply N h/f 1, and thus the approximate expression for the top mass is m t ≈ N y t v SM . Hence we finally find that y t is suppressed by N compared to the SM Yukawa coupling
Once we established the expression for y t and that N h/f 1 we can expand the Higgs potential of the top sector V f in term of s h up to O(s 4 h ) to find
As promised, we find that the s 2 h term is suppressed by N 2 while s 4 h term is almost unchanged compared to the N = 1 case of the ordinary twin Higgs. This suppression is the reasons why the Higgs VEV is naturally small. However we still need to add the contributions of the gauge sector -we just saw above that those are important as well. In the gauge sector we assume that the implementation of the Z 2 TP is the same as in the ordinary twin Higgs model and we summarize it in App. A. The gauge contribution is at O(g 4 ) and can be parametrized as
where c g ≈ log(Λ 2 g /m 2 W ) and Λ g is the cut-off scale in the gauge sector. The full potential can thus be parameterized as
where we defined γ f ≡ 2c t N c y 4 t f 4 /(4π) 2 and γ g ≡ 9c g g 4 f 4 /(32(4π) 2 ), and neglected the s 4 h term from gauge sector because γ g γ f . We can easily find the Higgs VEV and mass for this potential
Since the s 4 h term is almost the same as in the ordinary twin Higgs model (see for example [18] ) and insensitive to the cut-off scale, one can take Λ f very high while still keeping a naturally light Higgs.
The only tuning in this model comes from the necessary cancellation in the s 2 h between the top and the gauge sectors, which is needed to ensure N √ ξ 1. In generic composite Higgs models γ g is much smaller than γ f so one might worry this is a serious source of tuning. The beauty of our mechanism is that the N-suppression will reduce the effective γ f such that it's magnitude can be automatically of the same order as γ g and the partial cancelation can be natural without much tuning, as long as N is not too large, for example N = 3. Note that this cancelation here is very different from the usual sources of tuning in Twin Higgs models. Generic Twin Higgs models introduce an explicit Z 2 breaking term in order to obtain the correct EWSB minimum, which will reintroduce a quadratic dependence to the cutoff scale Λ g or Λ f resulting in some tuning in these models. For example, if the gauge sector breaks the Z 2 symmetry, the tuning is around 10% for gauge boson partner masses lighter than 3 TeV (with ξ = 0.1 fixed) but increases linearly with the square of partner's mass for masses heavier than 3 TeV [18] . Using the N-suppression mechanism proposed here will allow us to keep the Z 2 TP completely unbroken and still obtain a realistic EWSB minimum for the Higgs potential, hence the cutoff dependence is never reintroduced here, and the tuning will be much smaller than in existing TH models. We will present a detailed discussion of the tuning in Sec. IV.
III. REALIZATION OF N-SUPPRESSION
In this section we focus on how to generate a sin(N h/f ) (cos(N h/f )) dependent effective Yukawa coupling to realize N-suppression based on the maximally symmetric twin Higgs model. The minimal coset space to realize the twin Higgs mechanism in the gauge sector is SO(8)/SO (7) . Our setup for the gauge sector will be the same as the usual SO(8)/SO (7) twin Higgs model and we summarize it in App. A. In this coset space, the physical Higgs is identified with the SO(2) rotation angle between 4 th and 8 th directions of SO (8) . In unitary gauge, the pNGB matrix is
where Tâ's are the broken generators. Since U is just the SO(8) element and h/f is the rotation angle we can find the key point to get sin(N h/f ) (cos(N h/f )) is that we must insert N pNGB matrix U in effective Yukawa term:
To ensure that the top Yukawa interaction is the only Higgs dependent term in the low-energy effective Lagrangian, we will make use of maximal symmetry. As explained in [20] , maximal symmetry is a global SO(8) symmetry in the massive fermion sector, which is a subgroup of the chiral symmetries of the fermions. This leftover global symmetry guarantees that the Higgs shift symmetry remains unbroken by effective kinetic terms and is only broken by the effective top Yukawa terms. Hence only the effective top Yukawa term will be Higgs dependent. In addition we will assume that the shift symmetry is collectively broken by the Yukawa couplings in the top sector containing additional massive fermions in a special "chain form". The top mass will be collectively generated through these mixing terms and will give rise to the desired U N dependence. Next we will discuss how to realize this special collectively generated top mass using maximal symmetry.
The UV completed SO(8)/SO(7) CHM can be constructed based on an extra dimension or its deconstructed version. On the elementary site, the SU 
while the right handed t R andt R are treated as SO(8) el singlets. After we integrate out all the composite modes, there will only be one elementary global SO(8) symmetry left in the effective Lagrangian. The pNGB fields will show up as the linearly realized sigma field Σ = U V U † in symmetric representation of SO(8) or H = U V which is in the fundamental representation of SO(8), with the transformations under the global symmetry acting as Σ → gΣ g † and H → gH. Where the Higgs parity operator V = diag(1, 1, 1, 1, 1, 1, 1, −1) and V = (0, 0, 0, 0, 0, 0, 0, 1) are separately the symmetric and vector-like VEV that break SO(8) to SO (7) . Both can be assumed to originate from some scalars VEVs that break SO(8) to SO(7) at some UV scale.
In order to realize the novel structure of interactions including U N in the low energy effective Lagrangian, we must introduce the additional Dirac fermions Ψ i (Ψ i ) forming complete vector representations of SO(8) and SU (3) c (SU (3) c ) at the elementary site. These will mix with the SM and twin tops. The key ingredient for obtaining a U N dependent top Yukawa is the particular pattern of collective breaking of the Higgs shift symmetry by the Yukawa couplings of Ψ i (Ψ i ) shown in Fig. 1 , where we introduce n multiplets (N = 2n + 1). In addition, we have to ensure the emergence of maximal symmetry which will protect the effective kinetic terms from Higgs dependent corrections in the low energy effective theory. To achieve this, the masses of Ψ i (Ψ i ) should be twisted
Yukawa couplings between the fermion multiplets that collectively break the pNGB shift symmetry in a special "chain form". There is a similar construction for the twin sector.
by V = diag(1, 1, 1, 1, −1, −1, −1, −1) to explicitly break the chiral global symmetry SO(8) L × SO(8) R of each of these Dirac fermions to the SO(8) V subgroup identified with maximal symmetry. Note that the choice of V as the mass term preserves the EW and twin EW gauge symmetries while at the same time ensures the proper breaking of the global symmetries. With this symmetry breaking pattern the low-energy effective Lagrangian will have the form (after integrating out the massive Dirac fermions)
where Σ = Σ V Σ · · · V H. Notice that V has the same effect as the Higgs parity V acting on the pNGB Higgs matrix, U V = V U † and U V = V U † . Thus we can easily show that
where N = 2n + 1 is an odd integer (in agreement with our earlier claim in Sec.II that the N-suppression mechanism requires an odd N ). Thus we have shown how to explicitly realize the effective Lagrangian in Eq.(3). In general one would expect that all Dirac fermion multiplets could arbitrarily mix with each other because they all transform under the same global symmetry SO(8) el , which would result in additional U i (i < n) dependent terms in the effective Lagrangian, potentially ruining our N-suppression mechanism. However we can impose a Z 2 parity which will enforce the mixing pattern displayed in Fig. 1 . The details of this Z 2 parity are shown in App. B. Notice that in principle we could have also chosen the unit matrix instead of the twisted V to realize maximal symmetry, which would also preserve the gauge symmetries. This case however would not give us the hoped-for U N dependence in the effective action, since using Σ Σ = 1 in the case of the unit mass matrix the Σ dependence would drop out.
In this subsection we present the detailed discussion of the N = 3 case, where only one elementary multiplet needs to be introduced. Clearly N = 3 is the simplest model implementing our ideas, but beyond minimality there is a second reason why we need to limit the size of N : the cutoff scale of the gauge sector (and hence the mass of the gauge partner m ρ ) will rapidly decrease with the increase of N . The reason behind is that the overall γ = γ f /N 2 − γ g and γ f are almost fixed positive values set by the Higgs mass (see eq. (13)). Hence if N increases γ g must decrease if we want to keep γ fixed. However γ g is only lograithmically sensitive to m ρ , hence the increase in N will require a drastic decrease in m ρ , which will quickly become lighter than the experimental bound. This argument provides another motivation for the N = 3 choice for our benchmark model.
As we explained before, on the elementary site we introduce the Dirac fermion Ψ andΨ which are triplets under QCD/twin QCD as well as forming complete vector representations of the global SO(8) symmetry. We assume that the mass terms of Ψ andΨ are twisted by V which breaks the chiral global symmetry SO(8) L × SO(8) R to the SO(8) V maximal symmetry so that the effective Yukawa coupling is the only Higgs dependent term in the effective Lagrangian. In addition, we should also preserve the Higgs TP, which is the combination of a π/2 rotation in the Higgs direction with the Higgs parity V . The combined transformation has the form
and U transforms under TP as U → P h 1 U V † = U (s h ↔ c h ). In order to preserve TP, the fermion interactions should be invariant under the Z 2 exchange symmetry between the SM sector and the twin sector defined as
where P is an operator implementing the exchange of the top and the twin top of the form
P 0 acts trivially on the Higgs pNGB matrix and commutes with P h 1 , U and V . Using the Yukawa couplings shown in Fig. 1 , we can easily write down the Lagrangian invariant under the Z 2 exchange symmetry and the SO(8) V maximal symmetry:
L,R andτ a L,R are the SU (2) L,R and their mirror SU (2) L,R generators.
As in [20] , the twisted mass terms of the elementary top partners can be assumed to originate from their Yukawa couplings to a scalar Φ in the symmetric representation of the global SO(8) which acquires a VEV V at some higher energy scale to break the global symmetry SO (8) to SO(4) 1 × SO(4) 2 . We emphasize again that V is the only choice (besides the identity) that preserves the gauge symmetries. The NGBs from this scalar multiplet can get sufficiently large mass corrections from the gauge loop or also from the tree level term Tr[V Φ] 2 , which explicitly breaks SO(8) to SO(4) 1 ×SO(4) 2 . In order to obtain the correct Yukawa couplings, we impose three different Z 2 symmetries: one each for the fields Ψ q L , Ψ and t R and assume they have odd parity under their corresponding Z 2 symmetry, while even under the other two. Hence Ψ q L has parities (−, +, +), Ψ has (+, −, +) while t R has (+, +, −). If we also assume that the pNGB fields Σ and H have the parities (−, −, +) and (+, −, −) under the Z 2 × Z 2 × Z 2 symmetry, one can easily check that the terms in (21) are the only ones allowed by the Z 3 2 symmetry. The direct mixing of q L and Ψ as well as the Yukawa coupling of q L and t R are both Z 2 odd and thus forbidden. The parities of the pNGB fields can be assumed to originate from the scalars at the last site in the SO(8)/SO(7) moose diagram whose VEV V or V break the gauged SO(8) at the last site to SO (7) , similar to the set up considered in [20] . This Z 3 2 symmetry can be easily generalized to a Z N 2 symmetry for the case of the general N case depicted in Fig. 1 . For a more detailed discussion see App. B.
After integrating out the elementary partners, the effective Lagrangian in momentum space has the form (we neglect the gauge covariant kinetic terms for simplicity)
and the form factors are
We see that as expected maximal symmetry forbids the Higgs dependent terms in the effective kinetic terms and the Yukawa terms are proportional to s 3h or c 3h . Since the form factors in the top and twin top sectors are equal, the Z 2 exchange symmetry can be easily checked by the transformation of Σ under Z 2 exchange operator P ,
where the minus sign arises from the commutator [P, V ] = −1. Hence the effective Lagrangian is invariant under the exchange symmetry between the top and the twin top and Higgs TP, s 3h ↔ −c 3h . Thus the Higgs potential at one-loop level must also be invariant under this TP. The Z 2 symmetry can be explicitly seen from the expansion of effective Lagrangian in terms of t andt,
The top mass can be extracted from the above Lagrangian,
where M L,R = 2 L,R f 2 + M 2 are the top partner masses. As explained before, for realistic VEVs 3 h /f 1, the relation between y t and SM top Yukawa is y t ≈ 3y t . The Higgs potential from top and twin top loops is given by
where N c = 3 is the number of QCD colors. The Higgs potential at O(y 2 t ) is proportional to s 2 3h + c 2 3h and cancelled by Higgs TP. Thus the leading order Higgs potential is at O(y 4 t ) and can be parameterized as
IV. EWSB AND FINE TUNING
In this section we discuss the Higgs potential of our N = 3 benchmark model and the resulting pattern of EWSB. We find that there is essentially no tuning needed to achieve realistic EWSB with heavy top and gauge partners, thanks to our novel N-suppression mechanism. We want to also emphasize again that while our N-suppression is based on a twin-Higgs like scenario in the presence of maximal symmetry, it has an important difference from the ordinary twin Higgs models. In the ordinary twin Higgs models one always needs a source of explicit Z 2 breaking in order to produce realistic EWSB. However here the softening of the Higgs potential due to the N-suppression will allow us to build a model where the Z 2 symmetry is exactly preserved both in the fermion and gauge sectors [23] .
Based on our discussion of the fermion sector in Sec.III as well as the gauge sector in App. A, the leading contributions to the Higgs potential in our N = 3 model can be parametrized as
where γ g,f > 0 and their actual expressions can be easily estimated from Eqs. (30) and (A10):
where M f is a typical top partner mass scale and m ρ is the gauge partner mass, c f,g are O(1) numerical parameters. When calculating the minimum of the potential, we find that for a realistic EWSB one needs 9γ f − γ g > 0.
Then the minimum of this potential is at
and after EWSB the physical Higgs mass is given by
Because of the N suppression, the fermion contributions V f can automatically produce a small Higgs VEV,
However, we have seen that in order to reduce the deviation from top Yukawa coupling (y t ≈ 3y t ), the Higgs VEV is required to satisfy 3 h /f 1. To achieve this we need to rely on the contributions from gauge sector to partly cancel V f . Since the Higgs potential is only logarithmically dependent on the partner masses, this cancellation actually doesn't introduce tuning into the potential. The tuning can be calculated as
We can see that the tuning is suppressed by the additional factor 1/ log m 2 ρ m 2 W compared to ordinary Twin Higgs/neutral naturalness models. This is the consequence of the fact that in our model the Z 2 symmetry is never explicitly broken. Hence in our model no quadratic dependence on the partner masses is ever reintroduced, leaving the very mild logarithmic sensitivity. Hence for our model the tuning can be significantly suppressed if the gauge and top partners are heavy. In addition, since the Higgs potential is not sensitive to the partner masses, the Higgs mass itself will also be insensitive to them, thus heavy partners can be achieved with a light Higgs. For example fixing ξ = 0.1/3 2 , m h = 125 GeV and m t = 150 GeV and using Eqs.(32)-(34), we find a roughly estimation of the partners mass scale are around M f ∼ 3 TeV, m ρ ∼ 5 TeV without much tuning ∆ 1. We also show the numerical values of the tuning in this model for ξ = 0.01 in Fig.2 using the measure of tuning from [21] . We can clearly see that no tuning is needed: the N-suppressed twin Higgs model with TP is fully natural. For the N > 3 case, the s 2 h term in V f is more suppressed, so as we discussed before the vector meson mass can not be as heavy as in the N = 3 case. In fact it generically turns out to be below the experimental bound for the realistic case N h /f 1. Hence the N > 3 case is not interesting: the tuning can not be significantly suppressed and it is also already experimentally excluded from the direct search bounds.
V. SO(8) V BREAKING EFFECTS
An essential ingredient of the N-suppression mechanism was the SO(8) V maximal symmetry, which was a result of the masses of the Ψ being proportional to V . The s 3h /c 3h structure of the Yukawa couplings was a consequence of this symmetry. However the gauge quantum numbers of the fermions break this symmetry and at two loop order will introduce corrections to the Higgs potential that do not obey the s 3h structure. Since these fermions are all doublets of SU (2) L or SU (2) L there will be no corrections of this sort from the SU (2) sector. However the various components of Ψ have different U (1) Y × U (1) Y hypercharge/hidden hypercharge quantum numbers which at one loop will result in a mass shift that is not proportional to V , which will break the SO(8) V . However since these fermions mass corrections are only logarithmically sensitive to the UV scale, if the UV scale is not very high the SO(8) V breaking effects can be sufficiently small. As we discussed in Sec. III B, the V is expected to originate from the VEV of a composite scalar, which should not be generated at scales much higher than the partner masses, hence the scale cutting off the log divergences should also not be too high. Since the loop corrections from U (1) Y and U (1) Y are identical, we only focus on the corrections to the fermion masses from ordinary hypercharge. The mass shift that breaks SO(8) V can be easily calculated from a self-energy diagram:
where 7/6 and 1/6 are the Hypercharges of the two fermion doublets in the 4 of SO(4) 1 ⊂ SO(8) and Λ is the UV cut-off. Numerically we can estimate for Λ = 100 TeV and M = 4 TeV, the ratio δM/M ≈ 0.02 hence as expected the SO(8) V breaking effects can indeed be very small, of the size of a typical loop factor. Once these maximal symmetry breaking terms are generated at one loop, they will feed into the Higgs potential yielding two loop contributions that will not be 1/N suppressed. Since the one-loop contributions are 1/N suppressed, these twoloop contributions can give a significant fractional corrections to the entire Higgs potential. However, the most important point is that both the one-loop and the twoloop corrections themselves are very small, the one loop because of the N-suppression, and the two loop just because it is already at two loops.
Let us estimate the leading two-loop correction from the δM effects. These will change the effective top Yukawa couplings to take the form
The resulting leading SO(8) V breaking contributions in the Higgs potential proportional to δM will arise at O(y 2 t ) in top Yukawa coupling and can be parametrized as
where c t is an order one positive number. While this correction can be sizeable in comparison to our leading N-suppressed term (for example for M = 4 TeV and Λ = 100 TeV, V 2−loop is around 30% of the Higgs potential at one-loop), the important point is that overall this is still a very small correction to the Higgs potential which will not significantly increase the tuning needed in the theory. For the above example point we find tuning of order ∆ ∼ 3. Increasing to M = 10 TeV, V 2−loop will become the same order of magnitude as our one-loop term, and result in tuning around ∆ ∼ 10 for ξ = 0.01. The next contribution at two-loop level is at O(y 2 t g 4 ) which is less than 10% of the one-loop potential and thus can be safely neglected. Thus our one-loop Nsuppressed Higgs potential is stable against these twoloop corrections, and no large tuning is needed as long as the bare mass is not very big and the UV cut-off scale not too high.
VI. CONCLUSIONS
We have introduced the N -suppression mechanism for THM's where the exchange symmetry in the fermion sector acts as an N -trigonometric parity. The main consequence is the 1/N 2 suppression of the quadratic term in the Higgs potential, leading to a natural EWSB model without tuning, while leaving the Z 2 symmetry intact. The mechanism for N = 2n + 1 can be simply implemented by introducing n Dirac fermions with maximal symmetry for each of them, along with some discrete symmetries forbidding unwanted mixing terms. We have presented the N = 3 benchmark model in detail. Since all dependence on the partner masses is logarthmic, the one-loop Higgs potential is very mildly senitive to them, and we can obtain very small values of ξ ∼ 0.01 with partner masses M f ∼ 3 TeV and m ρ ∼ 5 TeV. At two loops we find N -suppression violating gauge corrections, however these can be sufficiently small as long as the fermion masses and the cutoff scale are not too large.
In this Appendix we review the structure of the gauge sector of our model. It turns out to be almost identical to the structure of ordinary SO(8)/SO(7) two-site THM's, with the added complication that the SO(8) 2 gauge symmetry at second site is broken by two scalars: one in the symmetric representation of SO(8) 2 with VEV V and the other one in the fundamental representation of SO(8) 2 with VEV V, which will result in additional uneaten NGBs. However these additional NGBs can get heavy masses from operators that explicitly break their shift symmetry (see App. B) and can decouple at low energies where the gauge sector will be identical to those of ordinary two-site SO(8)/SO (7) twin Higgs model as in Fig.3 . Without losing generality, in the following, we can just use the ordinary two-site model to calculate the gauge contributions to the Higgs potential. At the first (elementary) site, the SM SU (2) L × U (1) Y and the twin SU (2) L × U (1) Y gauge groups are embedded in SO(4) 1 and SO(4) 2 , where the SO(4) 1,2 subgroups acts on the first (last) four indices of SO(8) 1 . The U 1 link field in the bi-fundamental representation of the global symmetry connects the two sites. At the second (composite) site we gauge the entire SO(8) 2 . In order to realize the SO(8)/SO(7) coset space, this gauge symmetry should be broken by a scalar in the fundamental representation of SO(8) 2 with VEV V, leading to a nonlinear sigma field U of the SO(8) 2 /SO(7) coset. Since the SO(8) 2 gauge symmetry is broken, some NGBs will be eaten by the SO(8) 2 gauge bosons which become massive. The uneaten NGBs are contained in U ≡ U 1 U which describes the SO(8) 1 /SO (7) coset. The twin gauge symmetry is broken by the global symmetry breaking VEV V to the twin U (1) em and the EW gauge symmetry is broken by the pNGB Higgs VEV to the ordinary U (1) em . After EWSB the only uneaten NGB is the physical Higgs bo-son contained in U . We parametrize the NGB fields as
where the T a 's are the SO(8) generators while the Tâ's are the broken generators in the SO(8)/SO(7) coset, with the normalization Tr[T a T b ] = δ ab . The Z 2 invariant gauge interactions of these NGB fields have the form
where H ≡ U V is the linearly realized sigma field and the ρ µ = ρ a µ T a are the SO(8) 2 gauge bosons. The covariant derivative is
are the SM and twin generators embedded into the SO (8) . Notice that the Z 2 symmetry requires the gauge couplings of the SM and twin sectors to be equal. One can easily check that the Lagrangian (A2) is invariant under the Z 2 exchange symmetry defined as
This Z 2 is just an exchange symmetry between the SM EW and its twin sector which includes the Higgs trigonometric parity (TP), so the Higgs potential induced by the gauge sector must be TP invariant. After integrating out the heavy resonances at tree level, the SO(8) 1 invariant effective Lagrangian at leading order in gauge fields can be expressed as (in momentum space)
where H = U V, P µν t = g µν − p µ p ν /p 2 is the projector on transverse field configurations and A µ = gW a µ T a L + g B The EW and twin EW gauge bosons mass can be extracted from the effective Lagrangian:
where θ w is the Weinberg angle. The TP invariant Higgs potential after integrating out the gauge bosons from Eq. (A5) is
where Π W 0 = −p 2 /g 2 + Π 0 and Π B 0 = Π W 0 (g → g ). Since the Higgs potential is invariant under TP, the O(g 2 ) corrections to the potential will be proportional to s 2 h + c 2 h and thus vanish. Thus the leading order Higgs potential is at O(g 4 ) proportional to s 4 h + c 4 h and has the form V g = −γ g (s 4 h + c 4 h ),
with γ g = 9 64(4π) 2 ∞ m 2 W dp 2 E p 2
where we neglected the hypercharge gauge coupling g .
Appendix B: The discrete symmetries for general N In this final Appendix we show how to assign the discrete symmetries in the general case to ensure we only get the right mixing terms of Fig. 1 needed for the Nsuppression.
y i fΨ i,L Σ Ψ i+1,R + y n fΨ n,L Ht R .
(B1)
We assume that each elementary fermion Ψ i as well as q L and t R is odd under its own Z i 2 symmetry (with i = 0 corresponding to q L and i = n + 1 to t R ). This will ensure that none of the elementary fermions can directly mix with each other.
Next we show how they will mix via Yukawa couplings. We assume that the SO(8)/SO (7) coset space can be realized through the two-site model in Fig. 3 . Each site has a global SO(8) and the SO(8) 2 at the second site is fully gauged. The link field U is in the bi-fundamental representation of SO(8) 1 × SO(8) 2 . At the second site, there are n scalar fields Φ i (i = 1, . . . , n) which are in the symmetric representation of SO(8) 2 and a scalar Φ which is in the fundamental representation of SO(8) 2 . These scalars break SO(8) 2 to SO(7) with VEV V i = diag(1 7 , −1) and V = (0 7 , 1). We also assume Φ i is odd under Z i−1 2 × Z i 2 and Φ is odd under Z n 2 × Z n+1 2 . The uneaten NGBs then can be described by the linearly realized sigma field Σ i = U Φ i U † and H = U Φ transforming under SO(8) 1 as Σ i → gΣ i g † and H → gH with g ∈ SO(8) 1 . Now we can see that the Σ i and H are odd under Z i−1 2 × Z i 2 . Since there are n + 1 sets of uneaten NGBs in the coset space SO(8) 1 /SO (7), we can add mass terms for the n sets of NGBs in the form
So finally find that only one set of the NGBs is massless which results in Σ i = Σ i+1 = ... ≡ Σ and this can play the role of the SM Higgs. Since the Ψ i is odd under Z i 2 and Σ i is odd under Z i−1 2 × Z i 2 , the Z N 2 invariant terms will be
This was we find that the interactions of the massless NGBs are exactlt as expected in Eq. B1.
